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Abstract The organization of chromatin into higher-
order structures and its condensation process represent
one of the key challenges in structural biology. This is
important for elucidating several disease states. To ad-
dress this long-standing problem, development of ad-
vanced imaging methods has played an essential role in
providing understanding into mitotic chromosome
structure and compaction. Amongst these are two fast
evolving fluorescence imaging technologies, specifical-
ly fluorescence lifetime imaging (FLIM) and super-
resolution microscopy (SRM). FLIM in particular has
been lacking in the application of chromosome research
while SRM has been successfully applied although not
widely. Both these techniques are capable of providing
fluorescence imaging with nanometer information.
SRM or “nanoscopy” is capable of generating images
of DNA with less than 50 nm resolution while FLIM
when coupled with energy transfer may provide less
than 20 nm information. Here, we discuss the advan-
tages and limitations of both methods followed by their
contribution to mitotic chromosome studies. Further-
more, we highlight the future prospects of how advance-
ments in new technologies can contribute in the field of
chromosome science.
Keywords cytogenetics . chromosome . chromatin .
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Introduction
Microscopy has contributed hugely in the field of chro-
mosome science since they were first observed in the
1900s. Early light microscopy observations showed that
chromosomes are packaged into the cell’s nucleus. Fur-
ther microscopy observations revealed that chromatin
(composed of deoxyribonucleic acid (DNA) and nucle-
osome clusters) has territorial organization (Rabl 1885;
Boveri 1909; Cremer and Cremer 2010) displaying
fibers during interphase and as condensed individual
structures in metaphase. Chromosomes are specie de-
pendent having a different number and displaying huge
diversity. The discovery of 46 chromosomes in human
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allowed all chromosomes to be ranked according to their
respective cytogenetic groups based on their size and
shape into a karyotype (Tjio and Levan 1956). This led
to the identification of anomalies both numerical
(Lejeune 1959; Ford et al. 1959; Jacobs and Strong
1959; Jacobs et al. 1959; Sandberg et al. 1961) and
structural (Nowell and Hungerford 1960). The identifi-
cation of these changes is used routinely in hospital
cytogenetic labs after performing g-banded
(karyotyping) (Sumner 1982), for the diagnosis of a
number of hematological malignancies and prenatal
/genetic medical disorders (Tobias et al. 2011).
In addition, the use of fluorescence microscopy has
also been an important clinical diagnostic tool allowing
identification of specific disease loci using fluorescence
in situ hybridization (FISH) technology (Levsky and
Singer 2003; Volpi and Bridger 2008). Karyotyping
using multicolor FISH technology has provided further
advantages in identifying complex structural and nu-
merical aberrations (Speicher et al. 1996; Schröck
et al. 1996; Yusuf et al. 2011, 2013).
The structure of chromosomes has been widely ex-
plored using a number of imaging methods. Mitotic
chromosomes are visualized using light/fluorescence
microscopy that display chromatin into two structural
states, heterochromatin (late replicating–gene poor–con-
densed–GC rich–dark G-bands) and euchromatin (early
replicating–gene rich–loose–AT rich–light G-bands)
(Holmquist and Ashley 2006). As light/FL microscopy
is limited to the diffraction limit of 200 nm resolution
(Abbe 1873), advanced microscopes that surpass this
resolution limit have provided further insights into the
higher-order structure of mitotic chromosomes (Yusuf
et al. 2014, 2019; Chen et al. 2017). Organization levels
of chromosomes using different microscopy methods
are illustrated in Fig. 1 (Flors and Earnshaw 2011). X-
ray crystallography solved the first-level structure that
comprised of DNA wrapped around a histone octamer
(H2A, H2B, H3, and H4) (Davey et al. 2002; Luger
et al. 1997). Electron microscopy showed 11-nm “beads
on a string”–like structure (Olins and Olins 1974) linked
by Histone H1 proteins (Woodcock et al. 2006). The
binding of the linker histone (H1 or H5) organizes the
nucleosome arrays into a more condensed chromatin
fiber (Robinson et al. 2006). A 30-nm structure has been
proposed whose existence remains debatable
(Maeshima et al. 2016; Krietenstein and Rando 2020;
Yusuf et al. 2019). Many models have been proposed
that have been discussed elsewhere (Bendandi et al.
2020; Ohno et al. 2018; Yusuf et al. 2019). However,
several studies have not conclusively supported the 30-
nm fiber existence including the small angle X-ray
scattering (SAXS) performed in solution that supports
the 10-nm fiber (Joti et al. 2012; Nishino et al. 2012) and
in vivo studies (Maeshima et al. 2010; Fussner et al.
2011). A “polymer-melt” model has been suggested
whereby the nucleosome fibers may be moving and
rearranging at the local level (Nishino et al. 2012;
Maeshima et al. 2014). Heterogeneous groups of nucle-
osomes called “nucleosome clutches” were visualized
using super-resolution microscopy (SRM) using mouse
cells in situ and showed 10-nm fibers (Ricci et al. 2015).
It is interesting to note that 30-nm chromatin fibers have
frequently been observed by scanning electron micros-
copy (SEM) (Inaga et al. 2008), scanning transmission
electron microscopy (STEM) (Fukui 2016), and cryo-
EM (Robinson et al. 2006; Eltsov et al. 2014). Cryo-EM
of frozen hydrated sections of both chromosomes and
nuclei has shown the 30-nm chromatin structures in
aldehyde-fixed samples that were not seen after cryo-
preservation (Eltsov et al. 2014). ChromEMT that is a
multitilt EM tomography and a labelling method that
enhances the contrast of DNA showed that nucleosomes
are organized into disordered chains. These have diam-
eters ranging between 5 and 24 nm, highlighting that the
10-nm fiber is probably highly heterogeneous and varies
in diameter (Ou et al. 2017).
The challenge has been in elucidating the high-order
inner structure and topology of chromatin fibers that
remain unsolved (Maeshima et al. 2010; Krietenstein
and Rando 2020; Yusuf et al. 2019, 2020).
Fluorescence microscopy has contributed hugely to
the study of mitotic chromosomes (Balchand et al.
2016; Rieder and Khodjakov 2003; Belmont 2001).
Chromosome imaging is achieved after labelling the
chromosomal DNA using fluorescent dyes and apply-
ing FISH (Volpi and Bridger 2008; Lipinski et al.
2011). Dyes can be incorporated using click-
chemistry-based strategies such as 5-Ethynyl-2´-
deoxyuridine (EdU) incorporation (Ishizuka et al.
2016) and more recently the CRISPR/Cas 9 technol-
ogy (Ma et al. 2015; Zhou et al. 2017). Chromosomal
proteins are visualized following transfecting cells
with green fluorescent protein (GFP) tagging (Kanda
et al. 1998) and also after immunostaining (Samejima
et al. 2012). The discovery of GFP was awarded the
Nobel Prize in Chemistry joint ly to Osamu
Shimomura, Martin Chalfie, and Roger Y. Tsien in
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2008 (Tsien 2010). The use of GFP towards chromo-
some imaging involves largely imaging proteins as-
sociated with DNA, for example histones. GFP tech-
nology requires the expression of the protein which is
tagged; hence, this is an indirect method to fluores-
cently visualize chromosomes. The advantages here
open the possibility of imaging chromosome structure
in live cells in real time and under physiological con-
ditions (Kanda et al. 1998). We have used GFP tagged
to the DNA repair protein Ku70/80 to visualize meta-
phase chromosomes during DNA damage and repair
in real time (Botchway n.d.).
Even though microscopy has contributed tremen-
dously, we still are limited in our understanding of
how chromatin condenses in mitotic chromosomes and
how nucleosomes organize during this process, particu-
larly at the early times of chromosome condensation and
in live cells. Advanced fluorescence microscopes have
the potential to provide deeper insights into both the
structure and compaction ofmitotic chromosomes under
physiological conditions compared to X-ray and cryo-
electron microscopy. These FL microscopy methods
include florescence lifetime imaging microscopy
(FLIM) and the many forms of SRM. In this review,
we highlight the contribution of FLIM and a number of
SRM approaches for investigating mitotic chromo-
somes. We further discuss the limitations and future
directions.
Fluorescence lifetime imaging microscopy
FLIM utilizing confocal single and multiphoton excited
state emission microscopy together with time-correlated
single-photon counting (TCSPC) provides an unambig-
uous determination of the location and environment of
fluorophores. FLIM may also be performed using the
time-gated intensified charged coupled devices (ICCD)
with pulsed (nanosecond pulse width) light sources in
an epifluorescence configuration. The use of frequency-
Fig. 1 Microscopy methods used
to study different chromatin
hierarchical chromatin states.
(Reproduced with permission
from Flors and Earnshaw 2011)
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domain lifetime imaging has also been described
(Lakowicz 2006). However, the spatial resolution and
time responses of these systems are poor compared to
the TCSPC-FLIM system which we have employed
over many years (Botchway et al. 2015). While the
operation of these other systems varies, the data inter-
pretation is similar. The principle of a TCSPC-FLIM
system is shown in Fig. 2 (Becker 2019).
The fluorescence lifetime for a particular chromo-
phore in a particular environment is fixed and defines
the average time the molecule spends in the excited state
before returning to the ground state, which is typically in
the range of several nanoseconds (ns). Thus using FLIM,
the excited state lifetime of a sample can bemeasured and
imaged. Changes in the life values reflect the
fluorophore’s environment such as pH, viscosity, prox-
imity to other molecules and energy transfer events via
dipole-dipole interactions. All these can be determined
under physiological conditions. The emission of a fluo-
rescence photon from a fluorophore is measured over a
distributed time and is a function of an exponential decay
(Bacskai et al. 2003; Berezin and Achilefu 2010). An
important mechanism of which FLIM has significant
advantage is the Forster resonance energy transfer
(FRET) that can detect direct protein–protein or protein-
DNA interactions. FRET is a quenching process that
depletes the excited state of the donor fluorophore in
the presence of an acceptor molecule or moiety, so that
the donor fluorescence lifetime is shortened during
FRET. This intermolecular or intramolecular energy
transfer occurs at distances on a nanometer scale (1–
10 nm). This allows for conformational changes
(Suhling et al. 2015; Lakowicz 2006). Fluorescence life-
time has drastically improved the structural and function-
al information obtained from biological samples com-
pared to the fluorescence intensity alone. Several factors
including fluorophore concentration, photo-bleaching,
and limited sensitivity of detectors hamper the quality
and quantification of the intensity information. Often
these are not corrected for in steady-state FL microscopy.
In contrast, FLIM is less influenced by the aforemen-
tioned factors and provides lifetime-based contrast
(Abdollahi et al. 2018; Estandarte et al. 2016; Murata
et al. 2001). Although the majority of FLIM currently
performed is still at the diffraction-limited resolution, it is
now possible to perform FLIM at resolutions below
50 nm (see below) (Lesoine et al. 2012). This paves the
way for imaging chromosome structures of around 30 nm
and below using FLIM.
FLIM for examining compaction in chromosomes
FLIM serves as powerful tools to study chromatin con-
densation (including compaction states) in both live and
fixed samples mainly because the nucleosome coiling
resides within 1–10 nm resolution. Using FRET-FLIM,
Llères et al. (2009) have performed time-lapse studies of
the compaction and the spatial organization of chroma-
tin on the same cell (Llères et al. 2009). However, the
number of studies done on investigating chromatin com-
paction and other structural characteristics using FLIM
is limited. Below we summarize recent research studies.
FLIM has been used to study the chromatin compac-
tion state during cell cycle progression in fixed samples
where heterogeneous DNA distribution was seen
(Murata et al. 2000; Murata et al. 2001; Görlitz et al.
2017). FLIM on live interphase nuclei has shown chro-
matin decompaction upon chemical or radiation stimu-
lus (Abdollahi et al. 2018; Lou et al. 2019; Pelicci et al.
2019; Sherrard et al. 2018). Live cell imaging studies
have examined naive embryonic stem cells (ESCs) un-
dergoing differentiation and showed that the presence of
NANOG is essential for chromatin decompaction dur-
ing pluripotency together with Rex1 downregulation
(Hockings et al. 2020). Furthermore, ATP depletion in
ESCs leads to reduction in chromatin movement hin-
dering transcription regulation during pluripotency
(Hinde et al. 2012). It has been shown that chromatin
relaxation affects the distribution of multiple splicing
factors and any perturbation of chromatin structure im-
pairs the recruitment of regulatory splicing factors to
pre-mRNA (Schor et al. 2012). Spontaneous chromatin
condensation fluctuations have shown to be responsible
for the accessibility of acetylated Histone H4 to double
bromodomain (dBD) (Audugé et al. 2019). Overall
fluorescence lifetime varies with the change in conden-
sation state of the chromatin both in vitro and in situ
(Spagnol and Dahl 2016).
A fewer number of studies have utilized FLIM to
investigate the structure and compaction state in mitotic
chromosomes. These studies are mentioned below and
summarized in Table 1. FLIM imaging has been used to
study compaction of fixed methanol acetic acid chro-
mosomes after staining with 4′,6-diamidino-2-
phenylindole (DAPI) or Hoechst followed by lifetime
measurements (Estandarte et al. 2016). Shorter lifetime
was observed on heteromorphic chromosomes 1, 9, 15,
16, and Y at the heterochromatic regions in comparison
to other chromosomes in the human genome
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(Estandarte et al. 2016) (Fig. 3). FLIM has been
applied to quantitatively measure the number of G4
foci in metaphase chromosomes from number of cell
lines showing that G4 structures are formed by human
telomeric TTAGGG repeats on chromosomes (Tseng
et al. 2020). FLIM-FRET in vivo has shown that the
concentration of polyvalent cations and ATP levels
affect chromatin conformation and compaction. ATP
depletion was distinctive compared to the mitotic
chromatin condensation (Visvanathan et al. 2013).
Furthermore, the condensation process of chromo-
somes from prophase to prometaphase using calcium
(Ca2+) divalent cations in cells has been studied. This
study demonstrated that Ca2+ plays a crucial role in
the mitotic progression and condensation. Ca2+ de-
pleted chromosomes displayed fibrous structures
whereas CaCl2-treated chromosomes displayed more
compact globular structures (Phengchat et al. 2016).
Chromatin compaction was measured during meta-
phase progression using FLIM-FRET whereby in-
c r e a s e i n compac t i on was obse rved f rom
prometaphase to late anaphase that then decreased
during telophase. Anaphase chromosomes also
showed higher compaction at the chromosome arm
edges during sister telomere separation, demonstrat-
ing the heterogeneity in chromatin compaction within
individual chromosomes (Llères et al. 2009).
Super-resolution microscopy
Currently, there are a number of different approaches
to improve the resolution of epifluorescence and con-
focal microscopes. The development of SRM tech-
niques, such as point spread function (PSF) engineer-
ing, those that include structured illumination micros-
copy (SIM), 4Pi and stimulated emission depletion
(STED), and single-molecule localization (SML)
techniques including ground-state depletion micros-
copy followed by individual molecule return
(GSDIM), photo-activated localization microscopy
(PALM), and stochastic optical reconstruction mi-
croscopy (STORM), has been valuable to answer
several biological questions (Galbraith and Galbraith
2011; Huang et al. 2009).
The principle of SML based super-resolution im-
aging and its different switching processes used for
imaging are shown in Fig. 4. These myriads of super-
resolution development variants also offer the oppor-
tunity to image DNA and its higher-order structures
such as chromosomes at almost × 10 the resolution of
confocal microscopes. These developments were
awarded the 2014 Nobel Prize in Chemistry 2014
(Möckl et al. 2014). Recent development such as
reversible saturable optical fluorescence transitions
(RESOLFT and MinFlux (MINimal photon
Fig. 2 Schematic of TCSPC-FLIM. The sample is scanned using
a laser scanning microscope that has a focused beam of a high-
repetition pulsed laser ion. The system can either be one or
multiphoton depending on the laser used. The TCSPC detector
attaches to either the confocal or non-descanned port of the mi-
croscope. The detector sends an electrical pulse into the TCSPC
module upon detection of every photon. The TCSPC module (i)
determines the decay time (t) of the photon, (ii) receives scan clock
signals (pixel, line, and frame clock) from the scan controller of the
microscope, and also (iii) is configured as a scanning interface
with 2 counters X,Y, for the x and y locations in the scanning area.
(Reproduced with permission from W. Becker, The bh TCSPC
handbook. 8th edition (2019) available on www.becker-hickl.
com)
Contribution of advanced fluorescence nano microscopy towards revealing mitotic chromosome structure
FLUXes)) has demonstrated a few nanometer resolu-
tions (Xu and Liu 2019; Schermelleh et al. 2008).
Of the PSF engineering (or hardware based), SIM
and 3D-SIM offer the simplest route to improved reso-
lution albeit by a factor of two (around 120 nm). SIM is
Table 1 FLIM studies done on mitotic chromosomes
Microscopy
approach
Sample Cell type Findings Publication





Heteromorphic regions of chromosomes 1, 9,
15, 16, and Y displayed shorter lifetimes
Variability in the lifetime amongst the




FLIM Human fixed metaphase
chromosome and cells,
o-BMVC
CL1-0, MRC-5, BJ, and
HeLa
Anti-HT can unfold telomeric G4 structures in
fixed cells
Metaphase chromosomes possess G4




FLIM-FRET Human live and permeabilized
mitotic cells, EGFP/mCherry
Hela Small molecules including cations and
polyamines influence the conformation and
compaction of chromatin within nuclei
Condensation upon ATP depletion in











Ca2+ plays a crucial role in the mitotic
progression and condensation of
chromosomes
Ca2+-depleted chromosomes showed fibrous
structure and CaCl2-treated chromosomes
had compact globular structure
Phengchat
et al. 2016




HeLa Chromatin compaction increases from
prometaphase to late anaphase and
decreases during telophase




Fig. 3 FLIM on metaphase chromosomes. (a) Metaphase spread
showing lifetime measurements on 46 human chromosomes (scale
bar = 10 μm). (b) A zoomed-in image of circled area taken from
(a) displaying variations in DAPI lifetime along the length of the
chromosomes 1 and 9 (scale bar 2 μm). The lifetime color range is
from 2.50 ns (red) to 3.14 ns (blue). Fluorescence DAPI normal-
ized curve shown at selected pixels from the red, green, and blue
regions in chromosome 9. (Adapted from Estandarte et al. 2016)
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a wide-field FL microscopy technique that projects a
grid pattern generated through interference of diffraction
orders on the specimen (Fig. 5) (Gustafsson 2000).
Three or more images with a set of rotations at a fixed
angle, say 60°, are captured. A complex algorithm is
then used to reconstruct the final image by extracting
high-frequency components that contain the higher res-
olution information, which is otherwise lost in the stan-
dard wide-field imaging, as well as by the blurring from
out-of-focus light contributions. No change in sample
preparation is required for the SIM technique and so it
can be applied to live cells. However, the technique can
be relatively slow, several tens of seconds for 3D, due to
the need to acquire several images prior to computation-
al analysis (Demmerle et al. 2017). It is worth noting
that the technology is improving rapidly so that signif-
icant improvement in speed and real-time SIM is now
possible. 3D-SIM has been applied to both DNA in cell
nucleus and chromosome. In these initial studies, the
chromatin surrounding a nuclear pore was observed.
STED has also been applied to image chromosomes
with some success. The technique is light intensive and
therefore not hugely suitable for live cell studies
(Walther and Ellenberg 2018). In this technique, the
PSF from a Gaussian beam, the transverse magnetic
mode (TM00), is shaped by the application of a second
beam, the TM01 mode, that depletes the excited state of
the molecules outside the zero intensity of the “donut”
beam to achieve an improved diffraction-limited focus
(d) (Fig. 6) (D’Abrantes et al. 2018). Hence, the d in Eq.












Where d is the diffraction limit, λ is the excitation
wavelength, NA is the numerical aperture or the refrac-
tive index (n) of the medium multiplied by the sine of
the angle of incidence, α, I is the intensity, and Isat is the
depletion intensity.
Although STED is capable of producing super-
resolution images around 25 nm, this significantly dete-
riorates when a 3D configuration is applied (around
70 nm in commercial systems). However, specialist
STED systems are capable of achieving excellent z-
resolution (Vicidomini et al. 2018). Furthermore, not
all DNA labelling dyes can be used for STED micros-
copy. For example, the typical DAPI and Hoechst dyes
do not undergo very good depletion processes and the
high average depletion laser powers lead to multiphoton
processes which degrade the image instead. Nonethe-
less, application of STED to chromosome studies using
new and emerging dyes has shown the potential of the
technique to chromatin and future chromosome studies
(Kostiuk et al. 2019).
In the SML methods, PALM and STORM,
GSDIM, have been valuable to answering several
biological questions as well as applications towards
chromosome research (Table 2). There are many
“flavors” of SML which the reader is referred to in
the review by Vangindertael et al. (2018). SML mi-
croscopies are capable of generating fluorescence
images with resolutions around 10 nm. These tech-
niques require the use of chemicals that cycle be-
tween a metastable “dark” long-lived state generally
via intersystem crossing to a triplet lower energy
state and a fluorescent state. Removal of oxygen in
the reaction environment ensures the extended-
lifetime triplet state to allow the maximum single-
molecule photon emission (Fig. 7). This is required
for the precise localization determination software
used to generate the super-resolution image. A num-
ber of reports have shown that standard DNA stain-
ing dyes may be used for SML SRM, although better
engineered dyes than DAPI or Hoechst generate bet-
ter resolution, around the 10-nm region. Again due to
the need to use toxic chemicals for SML microscopy,
this technique is not ideal for live cell imaging. Fur-
thermore, the extremely high average powers re-
quired at the sample (>50 mW) mean live cell studies
are not recommended (Chen et al. 2014).
Super-resolution microscopy for studying
chromosome nanostructures
SRM has been used for investigating interphase chro-
matin structures (Barth et al. 2020; Boettiger et al. 2016;
Otterstrom et al. 2019; Ricci et al. 2015; Xu et al. 2020).
SRM to a lesser extent has been explored for unravelling
mitotic chromatin structures. These studies on mitotic
chromosomes are summarized below and in Table 2.
The use of STED showed enrichment of CAP-H2
(condensing II subunit) protein on the longitudinal
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chromatid axis of chromosomes without extending to
the surface of the chromosome (Walther and Ellenberg
2018) (Fig. 8a). SIM showed that chromosome scaffold
consisted of proteins hCAP-E, Topo IIα, and KIF4
along the chromatid axes after immunostaining. Imag-
ing of condensins and topoisomerase IIα showed two
main lateral strands that were twisted around each other
within the chromatid axis (Fig. 8b). This study indicated
that the assembly of these scaffold proteins and their
compaction is crucial for maintaining the double-
stranded chromosome scaffold structure (Poonperm
et al. 2015).
Both SIM and STED have been used to investigate
the linkages between ribosomal DNA on heterologous
chromosomes. Fine filaments of chromatin were seen
forming intrachromosomal linkages between sister
chromatids and interchromosomal linkages between dif-
ferent acrocentric chromosomes, respectively. These
filaments were consistently seen on numerous different
human cell lines. A higher frequency of interchromo-
somal rDNA was observed in human iPS cells com-
pared to their precursor HFF1 fibroblasts. These link-
ages increased with overexpression of c-Myc having a
higher level of rRNA synthesis. Furthermore, UBF, a
Fig. 4 Principle of single-molecule-localization-based super-
resolution imaging. A structure (e.g., DNA strand) below the
diffraction-limit (200 nm) is densely labelled with photo-
switchable chromophores. Single molecules are switched on se-
quentially, avoiding overlapping and imaged before being
switched off. A new subset of individual molecules are switched
on, avoiding overlapping. When the fluorophores are imaged and
their centroids precisely localized, spatial features of the structure
are observed. The normally observed fluorescent image is indicat-
ed as a yellow circle whose center position is marked as a yellow
“x”). An image is built up by repeatedly activating and localizing
different molecules labelling the structure
Fig. 5 Concept or resolution enhancement by structured illumi-
nation. (a) If two line patterns are superposed (multiplied), their
product will contain moiré fringes (seen here as the apparent
vertical stripes in the overlap region). (b) A conventional micro-
scope is limited by diffraction. The set of low-resolution informa-
tion that it can detect defines a circular “observable region” of
reciprocal space. (c) A sinusoidally striped illumination pattern has
only three Fourier components. The possible positions of the two
side components are limited by the same circle that defines the
observable region (dashed). If the sample is illuminated with such
structured light, moiré fringes will appear which represent infor-
mation that has changed position in reciprocal space. The amounts
of the movement correspond to the three Fourier components of
the illumination. The observable region will thus contain, in addi-
tion to the normal information, moved information that originates
in two offset regions (d). From a sequence of such images with
different orientation and phase of the pattern, it is possible to
recover information from an area twice the size of the normally
observable region, corresponding to twice the normal resolution
(e). (Reproduced with permission from Gustafsson 2000)
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transcription factor that is associated with formation of
rDNA linkages was consistently present on active loci
throughout mitotic progression (Potapova et al. 2019)
(Fig. 8c). Single-molecule photon localization micros-
copy (PLM) has been applied on an X-shaped chromo-
some that showed nucleotide density variations on chro-
matids. Metaphase chromosomes showed morphology
similar to chromosomal fragile sites (Dong et al. 2016)
(Fig. 8e).
PALM imaging of prometaphase/metaphase chro-
mosomes with H2AvD-EGFP labelling showed ∼70-
nm (ranging from 40 to 90 nm) structures composed
of 35-nm stripes (Matsuda et al. 2010) (Fig. 8d). PALM
imaging has also shown that nucleosomes form compact
domains that are highly clustered duringmitosis.Mitotic
chromosomes in HeLa cells had a diameter of ∼140 nm
similar to interphase domains. Indian muntjac chromo-
somes showed compact chromatin peak diameters
Fig. 6 Schematics of STED nanoscopy. (Reproduced with permission from D’Abrantes et al. 2018)
Fig. 7 Simplified Jablonski diagram of energy states for
“blinking” molecules in SML microscopy. High-energy excited
chromophore with a rake kexc is either cycled between its singlet
ground (S1) and excited state, 1S1, emitting lower fluorescence
photons with a rate of kem or can undergo intersystem crossing to
the triplet state 3T with rate kisc upon irradiation. The triplet state
(3T) can react with an oxidizing agent, e.g., molecular oxygen and
reducing agent (RA) before recycling
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between ∼140 and ∼200 nm in fixed and live cells,
respectively. These chromatin domains were stable
throughout the cell cycle and were comparable to chro-
monema fibers (Nozaki et al. 2017).
Binding-activated localization microscopy (BALM)
(Schoen et al. 2011) has been used to study SxO-labelled
metaphase chromosomes that showed an axial thickness of
714 ± 39 nm. 3D imaging displayed chromatid breaks after
radiation exposure and thinned chromosomal regions after
sonication. Further STORM of telomeres with Alexa647-
labelled protein nucleic acid probe showed localization on
the top (exterior) region of chromosomes while others
bound to the interior regions and displayed extended
shapes (Yardimci et al. 2020) (Fig. 8f).
STORM has been applied for the investigation of
8 .16 Mb of human chromosome 19 us ing
oligonucleotide-based Oligopaint FISH probes. This
OligoSTORM and OligoDNA-PAINT strategy allowed
prediction of active (A-type) and inactive (B-type) com-
partments that are normally seen by Hi-C (Nir et al.
2018). Hi-C is a high-throughput method allowing de-
tection of chromatin interactions and 3D organization
(Lieberman-Aiden et al. 2009) in single cells (Nagano
et al. 2015). Themethod uses crosslinking the chromatin
with formaldehyde that is then digested and re-ligated.
The ligation products are identified using next-
generation sequencing platforms that allow identifica-
tion of the chromatin interactions on an unprecedented
scale (Dekker et al. 2002; Zhang and Li 2020). Using
this method, both maternal and paternal homologous
regions could be differentiated. This data together with
Hi-C allowed a 10-kb single-cell model of the selected
chromosome 9 region (Nir et al. 2018). Spectral position
determination microscopy (SPDM) on Hoechst 33342–
stained mitotic chromosomes displayed a mean locali-
zation accuracy around 14 nm from high-quality DNA
density maps. Nanoscale imaging showed non-uniform
density with smaller regions containing higher and low-
er DNA densities (Szczurek et al. 2014).
Future prospects
Both FL microscopy techniques, FLIM and SRM, are
beginning to be extremely useful for the understanding
of mitotic chromosome structure and condensation of
chromosomes. This is an emerging field moving at a
rapid pace. We have discussed examples where their use











































































































































































































































Contribution of advanced fluorescence nano microscopy towards revealing mitotic chromosome structure
other imagingmethods such as X-rays and cryo-electron
microscopy with less than 100 nm resolution. The SRM
methods discussed here are powerful and have provided
precise quantitative information into fixed samples. Al-
though data on live chromosomes samples are limited,
SRM has the capability to overcome this. However,
more comprehensive and integrative approaches are
needed to further understand the mechanisms underly-
ing the complex dynamic properties of chromatin.
One of the major interest surrounding chromosome
studies is to resolve the 30-nm chromatin structure that
remains controversial (Maeshima et al. 2010; Nishino
et al. 2012; Fussner et al. 2011). Microscopy efforts
have already been in applying electrons (Eltsov et al.
2014; Robinson et al. 2006; Fukui 2016; Ou et al. 2017)
and X-rays using SAXs (Joti et al. 2012; Nishino et al.
2012) and imaging (Yan et al. 2016; Nishino et al. 2009)
for unravelling chromatin structure. Chromatin compac-
tion states during metaphase in different cell types is yet
to be examined whereby FLIM and SRM can be ap-
plied. This would require investigation into the
structure/compaction of DNA together with specific
protein labelling of histones (DNA-histone and
histone-histone interactions), scaffold and structural
proteins that will provide the nanoscale architecture of
mitotic chromosomes. Considering FLIM can be
Fig. 8 Imaging of mitotic chromosomes using different SRM
approaches. (a) STED imaging of a mitotic chromosome. (i) STED
image of a mEGFP-CAPH2-labelled chromosome. (ii) An overlay
image with the diffraction-limited chromatids (magenta). STED
imaging resolved mEGFP-CAP_H2 to distinguishable single
spots within the central longitudinal axis of both prometaphase
chromatids. (iii) Maximum projection of the combined DNA
(magenta) and mEGFP-CAP-H2 (white) showing chromatid
outlined in cyan. Scale bars, 1 μm (reproduced with permission
from Walther and Ellenberg 2018). (b) 3D mapping of hCAP-E
and Topo IIα scaffold proteins on HeLa-wt metaphase chromo-
somes. (i) Deconvolution (DC) microscopy of immunostained
chromosome where the two scaffold proteins could not be solved.
(ii) 3D-SIM showing improved resolution images of the same
chromosome as (i). Arrowheads show double strands. DNA is
shown in blue. Scale bars for (i) and (ii), 1 μm. The insets A and
B show magnified views of the white boxes in (ii) as indicated
with red dotted lines indicating double strands of chromosome
scaffold. Scale bar for insets A and B, 202 nm (reproduced with
permission from Poonperm et al. 2015). (c) SIM of rDNA-linked
mitotic chromosomes. (i) cMyc-3 labelled using immuno-FISH
with rDNA probe (green) and UBF antibody (red). Both rDNA
and UBF form filamentous connections between chromosomes.
(ii) Zoomed-in view of white box in (i). Scale bars, 1 μm
(reproduced with permission from Potapova et al. 2019). (d)
PALM imaging of chromosome arms. (ii) Wide-field image of
chromosomes, DAPI staining is shown in purple and H2AvD-
EGFP is shown in green. Scale bars for (i) 0.5 μm and for (ii),
3 μm (reproduced with permission from Matsuda et al. 2010). (e)
PLM imaging of a chromosome. (i) X-shaped chromosome after
PLM imaging, (ii) unresolved wide-field fluorescence image, (iii)
DNA-PLM image of the squared region in (i) showing additional
fine features which are not resolvable in wide-field image
(reproduced with permission from Dong et al. 2016). (f) 3D
BALM images of metaphase chromosome. (i) Undamaged chro-
mosome and (ii) irradiated chromosome with a groove on one of
the arms (red shows lower and blue shows upper layer of 3D
surface plots). (iii) 3D image of telomeric regions of a mitotic
chromosome with merged surface plots of BALM (blue) and
STORM (red). Scale bars, 1 μm (reproduced with permission
from Yardimci et al. 2020)
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applied to live samples to study both DNA and proteins,
the combination of SRM and FLIM offers an opportu-
nity to investigate chromosome structure in live cell.
This is currently not possible using electrons or X-rays.
FLIM in particular has been little explored for chro-
mosome research. High-resolution or super-resolution
FLIM, i.e., when combined with other SRM methods
such as STED-FLIM, may be a useful way forward in
order to obtain more precise chromatin measurements
below 50 nm. New and emerging PSF engineering
SRM such as RESOLFT andMinFlux (MINimal photon
FLUXes) (Schermelleh et al. 2019) that have demonstrat-
ed a few nanometer resolutions may also be combined
with FLIM to obtain information around the immediate
environment of the chromatin in live cells. Although the
excited state lifetime of a molecule is not affected by
concentration and bleaching, it is sensitive to the envi-
ronment such as changes in pH, viscosity, and the pres-
ence of other molecules (Berezin and Achilefu 2010). In
particular, these three techniques may allow super reso-
lution towards imaging chromosomes inside intact cells
below 30 nm. The development of super-resolution 3D-
FLIM will also allow imaging of the full sample volume.
High-resolution FLIM-FRET imaging may also be high-
ly beneficial to map a larger number of chromosomal
structural and scaffold proteins and their structure/
function relationship. Cryogenic SRM using STORM is
beginning to allow high-resolution imaging to resolution
below 12 nm. This has been recently demonstrated on
bacterial cells and is yet to be explored on chromosomes
(Bateman et al. 2019; Wang et al. 2019). Furthermore,
fluorescent proteins have been used to obtain super-
resolution registration accuracy of around 10 nm
(Tuijtel et al. 2019), and this is ideal for imaging the
currently known substructures of chromosomes.
We are now witnessing new methods that can pro-
vide detailed structural information into chromatin. Ex-
pansion microscopy using SRM has provided an im-
proved resolution by enlargement of small structures in
an isotropic manner thereby preserving the ultrastruc-
ture of the samples in 3D. This method has been applied
to study tissue specimens from various species (Chen
et al. 2015; Götz et al. 2020; Freifeld et al. 2017;
Truckenbrodt et al. 2019), subcellular structures includ-
ing synaptonemal complex protein components
(Cahoon et al. 2017), and centrioles (Zwettler et al.
2020). Expansion microscopy using SIM has allowed
visualization of chromatin structure at up to 25–35 nm
in Barley nuclei (Kubalová et al. 2020). However, the
potential of this method has not yet fully explored on
mitotic chromosomes. Specific labelling of proteins and
DNA sequences on spatially expanded chromosomes
wil l enable the determination of chromatin
ultrastructure-function dynamics (Kubalová et al. 2020).
New developments in (i) staining/labelling strategies
of chromatin; (ii) microscope optics with improved de-
tectors, light sources, filters, and objective lenses; and
(iii) data analysis software will undoubtedly provide
unanticipated insights into imaging and quantitative
analysis of chromosomes. FL microscopy has continued
to advance mostly through new labelling techniques
(dyes and GFP) as well as improvements in detection
sensitivity. These two components are still the main
bottle neck and therefore represent opportunities for
future improvements for SRM towards chromosome
research. Another technology that is likely to be impor-
tant in chromosome research is the CRISPR/Cas 9 tech-
nology that was awarded the 2020 Nobel Prize (Strzyz
2020). Here both the DNA proteins and DNA itself may
be manipulated to generate structures that could be
imaged under super-resolution condition. This technol-
ogy in particular has the potential to make imaging
chromosomes in live cells possible as demonstrated by
Zhou et al. (2017).
In this review article, we have not commented on FL
microscopy techniques that provide resolution around
140 nm such as AiryScan (hardware), HyVolution, and
Super-resolution radial fluctuations (SRRF) (software)
(Culley et al. 2018). These “halfway house” techniques,
which there are many, may have increment usage in
chromosome research but somewhat limited currently.
However, these techniques do not require any special
sample treatment and are likely to be useful for live cell
chromosome studies.
Altogether, sample choice either being fixed or live
will have to be carefully considered for future studies in
fundamental processes that accompany physiological
and pathological changes in chromosomes. In both tis-
sues and cell lines, differences in nucleosome positions
in disease states have been identified (Valouev et al.
2011) highlighting that the chromatin structure is crucial
for correct genome function (Misteli 2010). The nano-
scale structural modifications remain largely unknown
where both SRM and FLIM offer huge potential in the
future.
SRM has already been applied to understand chro-
matin structures in different diseased states such as
cancer samples (Wang et al. 2014; Xu et al. 2018; Xu
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et al. 2020) and neurodegenerative disorders (Frost et al.
2016). Furthermore, SRM could also be used to identify
the role of different structural proteins in altering the
chromatin structure during cardiac disease states
(Mitchell-Jordan et al. 2012). This has also been ex-
plored using FLIM for investigating heterogeneity in
tumor chromatin and to examine the influence of drug
targeting on chromatin changes (Sparks et al. 2018).
Ultimately it will be useful to make workflows for the
use of SRM and FLIM for clinical medicine applica-
tions, mainly for the diagnosis of diseases that would
assist in understanding different disease states such as
cancer and developmental and genetic disorders.
Conclusion
Both FLIM and SRM are serving as useful approaches
for providing nanoscale information into mitotic chro-
mosome structure and its compaction. No doubt these
FL imaging methods together with different labelling
strategies and integration with other modalities will
solve the long-standing chromosome mysteries includ-
ing the controversial 30-nm structure. In this review, we
have provided information about several super-
resolution techniques that are likely to be crucial in
imaging chromosomes at the tens of nanometer scale
(nanoscopy). We finally propose the combination of
FLIM and SRM as a logical step in FL microscopy
development for chromosome research to bridge the
gap between structure provided by super-resolution im-
aging or crystallography (current high resolution pro-
vided by X-rays and electron) and function (normally
provided by live cell FL microscopy). FLIM also offers
further advantages and information about the molecular
or chromophore environment that steady-state FL alone
is unable to provide.
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